Bacteria use flagella to move toward nutrients, find its host, or retract from toxic substances. Because bacterial flagellum is one of the ligands that activate the host innate immune system, its synthesis should be tightly regulated during host infection, which is largely unknown. Here, we report that a bacterial leader mRNA from the mgtCBR virulence operon in the intracellular pathogen Salmonella enterica serovar Typhimurium binds to the fljB coding region of mRNAs in the fljBA operon encoding the FljB phase 2 flagellin, a main component of bacterial flagella and the FljA repressor for the FliC phase 1 flagellin, and degrades fljBA mRNAs in an RNase E-dependent fashion during infection. A nucleotide substitution of the fljB flagellin gene that prevents the mgtC leader RNA-mediated down-regulation increases the fljB-encoded flagellin synthesis, leading to a hypermotile phenotype inside macrophages. Moreover, the fljB nucleotide substitution renders Salmonella hypervirulent, indicating that FljB-based motility must be compromised in the phagosomal compartment where Salmonella resides. This suggests that this pathogen promotes pathogenicity by producing a virulence protein and limits locomotion by a trans-acting leader RNA from the same virulence gene during infection.
T he bacterial flagellum is a long filamentous structure that is attached to the membrane and enables a bacterium to move toward nutrients or to escape from toxic chemicals (1) . However, during host infection, the bacterial flagellum could be dangerous for survival if it is recognized by the host innate immune system as a ligand to elicit an immune response (2) . Therefore, synthesis or assembly of flagella must be tightly regulated for a pathogen. The major structural component of flagella is thousands of copies of flagellin monomer proteins, which are encoded by two different loci, fljB and fliC, for the intracellular pathogen Salmonella enterica serovar Typhimurium (1) . Depending on which flagellin genes are expressed, Salmonella displays completely different antigenic properties that might be advantageous for this pathogen to evade the host immune system. This so-called antigenic phase variation is mediated by an inversion event of a particular DNA region, which includes the hin gene encoding a recombinase and the promoter region of the fljBA operon encoding the FljB phase 2 flagellin and FljA, a repressor protein for the distally located FliC flagellin (3, 4) (Fig. 1A) . When the DNA region is oriented as illustrated in Fig. 1A , the fljB and fljA genes are expressed, and, as a result, Salmonella possesses FljBpolymerized flagella on its surface and expression of the other fliC flagellin gene is repressed by the FljA repressor at the posttranscriptional level (5) (Fig. 1A) . However, when the DNA region is switched into the opposite orientation by the Hin recombinase at low frequency (6) , the promoter region of the fljBA operon is flipped and the fljB and fljA genes are not expressed and thus Salmonella produces the FliC flagellin proteins.
Several lines of observations were reported that expression of flagellar genes might be down-regulated during infection. In uropathogenic Escherichia coli, the virulence regulator PhoP represses FliC flagellin production and motility by decreasing membrane potential (7) . In addition, previous transcriptomic analysis revealed that mRNA levels of many genes involved in flagella machinery, including the fljB and fliC flagellin genes, strongly decreased when Salmonella is inside macrophages (8) , implicating that flagella-based motility may not be required for intramacrophage survival. However, it has been unknown how Salmonella achieves such down-regulation of flagellar genes during infection. Here, we report that a leader RNA originated from the Salmonella mgtCBR virulence operon mediates downregulation of one of two flagellin genes inside macrophages.
In the intracellular pathogen Salmonella enterica serovar Typhimurium, the mgtCBR operon encodes the MgtC virulence protein, the MgtB Mg 2+ transporter, and the MgtR peptide regulator for MgtC proteolysis (9) (10) (11) (12) . The PhoP/PhoQ two-component system controls transcription initiation of the mgtCBR operon from a single promoter upstream of the mgtC gene in response to low Mg 2+ , mildly acidic pH, or antimicrobial peptides (13) (14) (15) (16) . After transcription is initiated, the 296-nt-long leader region of the mgtCBR operon mediates further induction of the mgtC gene inside macrophages in response to high ATP and low levels of charged tRNA Pro (17) (18) (19) (20) , allowing the mgtC gene to be one of the highly expressed genes inside macrophages (8) . Within the mgtCBR leader region, two short ORFs, mgtM and mgtP, enable the leader to sense and respond to respective ATP-and charged tRNA Pro signals by a mechanism similar to that found in transcription attenuation (17) (18) (19) . This mechanism involves coupling between transcription of the mgtCBR leader region and translation of each ORF located in the leader, which controls the formation of adjacent attenuator stem-loops preventing transcription elongation into the downstream coding
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Data deposition: The data reported in this paper have been deposited in the Gene Expression Omnibus (GEO) database, https://www.ncbi.nlm.nih.gov/geo (accession nos. GSE85678 and GSE100414). region. Therefore, any conditions that uncouple transcription of the mgtCBR leader and translation of each ORF, such as an increase in ATP levels or a decrease in charged tRNA Pro levels, are expected to promote mgtCBR transcription. Highly elevated mRNA levels of the mgtC gene inside macrophages are correlated with the notion that the intraphagosomal environment might be high in ATP levels due to phagosome acidification (21) and low in charged tRNA Pro levels (20) . Interestingly, when Salmonella was grown in low Mg 2+ to induce PhoP-activated transcription, multiple short transcripts were detected with a radiolabeled DNA probe corresponding to the mgtCBR leader region (22) . This is probably due to the presence of the attenuator stem-loop structures that prevent transcription elongation within the mgtCBR leader region (17) (18) (19) 23) (Fig. S1) .
In this paper, we report that one of the smallest transcripts of the mgtCBR leader region functions as a trans-acting riboregulator and decreases amounts of the FljB flagellin during infection. The decrease in flagellin production by the mgtC leader RNA is required for Salmonella's pathogenicity because the fljB substitution that prevents the mgtC leader-mediated fljB downregulation renders Salmonella hypervirulent. Our data suggest that Salmonella's motility powered by FljB flagella must be restricted during the course of infection.
Results
The mgtC Leader RNA Down-Regulates fljB and fljA mRNA Encoding the Salmonella Phase 2 Flagellin Operon. Previous Northern blot analysis using a DNA probe corresponding to the leader region of the mgtCBR operon detected multiple short transcripts in RNA samples prepared from Salmonella grown in low Mg 2+ , which activates transcription from the PhoP-dependent mgtC promoter (22) . An abundance and size of transcripts led us to wonder whether these short transcripts from the mgtC leader region might have a regulatory role as a trans-acting RNA elsewhere in the chromosome. To explore this, we constructed a Salmonella strain harboring a plasmid that expresses the smallest size of RNA fragments corresponding to nucleotides 1-113 in the mgtC leader from an arabinose-inducible promoter or the plasmid vector. [Please note that the nucleotide position at 113 is located just beyond the stem-loop B structure (Fig. 1A and Fig.  S1 ).] Then, we compared RNA profiles of the mgtC leader-and the vector-expressing Salmonella after arabinose induction for 15 min. Surprisingly, only two mRNAs were significantly downregulated (greater than fourfold) in the mgtC leader-expressing cells (Fig. 1B and Dataset S1); fljB mRNA encoding the phase 2 flagellin, which is a major structural component of bacterial flagella and fljA mRNA encoding a repressor that inhibits synthesis of the FliC phase 1 flagellin (5). Further sequence analysis revealed that fljB and fljA mRNAs are part of the same polycistronic mRNAs transcribed from a promoter located in the fljBA operon (Fig. 1C) . The decrease of fljB and fljA mRNA levels by overexpressing the mgtC leader RNA was confirmed by quantitative real time-PCR ( Fig. 1 D and E and Dataset S2). As a control experiment, mRNA levels of fliC gene encoding a different type of flagellin were unaffected by the mgtC leader RNA (Fig. 1 F and G) but rather slightly increased possibly due to the decrease of the FljA repressor by the mgtC leader RNA (Fig. 1E) .
The mgtC Leader RNA Degrades fljBA mRNAs in an Hfq-and RNase E-Dependent Fashion. If target mRNAs are less abundant in the presence of the trans-acting regulatory RNA, in many cases, target mRNAs are base-paired with the trans-acting sRNA guided by the Hfq RNA chaperone and degraded via the RNase E riboendonuclease (24, 25) . To test whether the mgtC leader RNA-mediated fljBA down-regulation requires the Hfq RNA chaperone, we measured mRNA levels of the fljB and fljA genes when we expressed the mgtC leader RNA from the plasmid in an hfq mutant background (22) . As expected, the mgtC leader RNA lost the ability to decrease fljBA mRNA levels in the hfq mutant ( Fig. 1 H-K) . Hfq destabilized both the mgtC leader RNA and fljBA mRNA because, when transcription was blocked with rifampicin treatment, the half-lives of the mgtC leader RNA and fljBA mRNA increased in the hfq mutant compared with those in the wild type ( Fig. S2 A, B , and D). Likewise, RNase E is required for the mgtC leader RNA-promoted degradation of fljBA mRNAs because a Salmonella strain carrying the rne-3071 ts allele (26) did not decrease the mRNA levels of the fljB and fljA genes by the mgtC leader RNA when RNase E was inactivated by transferring cells to 42°C (Fig. S3 ). These data demonstrated that the mgtC leader RNA-mediated fljBA mRNA degradation requires both Hfq and RNase E. , and then for an additional 15 min in the same media containing 0.5 mM Mg 2+ and 10 mM L-arabinose. Shown are the mean and SD from three independent experiments. Expression levels of target genes were normalized to that of 16S ribosomal RNA rrsH gene. Fold change was calculated by dividing mRNA levels of cells expressing each plasmid by those of cell expressing the empty vector, and thus the vector was set to 1. *P < 0.05; **P < 0.01; ns, not significant; t test (relative to vector).
The mgtC Leader RNA Binds to Near the 3′ End of the fljB Coding Region for fljBA mRNA Degradation. To investigate the binding site of the mgtC leader RNA and fljBA mRNA for the RNase E-mediated degradation, we searched for a potential pairing sequence using RNAhybrid software (27) . The highest score was observed at a 14-nt base pairing between nucleotides 24-42 of the mgtC leader region and nucleotides 1362-1379 of the fljB coding region (see Fig. 3E and Fig. S4 A and B) . Nucleotides 24-42 of the mgtC leader region are required for acting on fljBA mRNA levels because a plasmid expressing mgtC leader variants with either the G27C C29G G31C substitution or the C41G G42C substitution lost the ability to decrease fljB and fljA mRNA levels (Fig. 2) . By contrast, the C33G C35G or G53C G54C C55G substitution behaved just like the wild-type mgtC leader (Fig. 2) . Translation of mgtM in the mgtC leader region is not required for the regulation of fljBA mRNA levels because mutation of the start codon in mgtM retained the ability to decrease fljBA mRNA levels (Fig. 2) .
Next, we further examined whether the mgtC leader base-paired to the coding region of the fljB gene as predicted. We used in-line probing assay examining the structure of a 5′ 32 P-labeled fljB RNA in the presence or absence of the mgtC leader RNA. The predicted base-paired regions I and II were protected from RNA cleavages in the presence of the mgtC leader RNA (Fig.  S4C) , supporting the base pairing between the mgtC leader and the 3′ end of the fljB coding region.
A Base Pair Between G42 in the mgtC Leader and C1362 in the fljB Coding Region Determines the mgtC Leader-Mediated fljBA mRNA Degradation. We focused interaction between the G42 position in the mgtC leader RNA and C1362 position in fljB mRNA because, first, the mgtC leader derivative including the C41G G42C substitution retained mRNA levels of the wild-type leader compared with those of other mutations (Fig. 2D) . Second, C1362 is located at the third position of a threonine codon in the fljB mRNA and the C1362G substitution does not alter the amino acid sequence of the FljB flagellin (Fig. 3E) .
To address an impact of the G42-C1362 interaction in the mgtC leader-mediated fljB destabilization, we created a chromosomal mutant with the C1362G substitution in the fljB gene. Then, we introduced a plasmid with the wild-type mgtC leader, a derivative with the G42C substitution, or the vector into the fljB C1362G chromosomal mutant or isogenic wild-type background. The G42C substitution in the mgtC leader displayed a defect in decreasing fljB and fljA mRNA levels in the wild-type background (Fig. 3 A, B , and E) and lost the ability to repress soft agar-based motility (Fig. S5C) , behaving like the C41G G42C substitution (Fig. 2) . However, an introduction of a compensatory mutation at the C1362 position in the fljB gene enabled the G42C-substituted mgtC leader to decrease fljB and fljA mRNA levels (Fig. 3 A, B , and E) and recovered the ability to repress motility (Fig. S5C) . These data indicate that G42-C1362 base pairing between the mgtC leader and the fljB coding region is required for destabilizing fljBA mRNAs. Control experiments demonstrated that neither the G42C nor C1362G substitution affected the expression behaviors of the fliC coding region and the mgtC leader region (Fig. 3 C and  D) and the orientation of the DNA region involved in flagellar phase variation (Fig. S5 A and B) . . The results presented above identified the mgtC leader's regulatory action on fljB and fljA mRNA levels when we expressed the mgtC leader RNA from a heterologous promoter. We further investigated the mgtC leader-mediated control of the fljBA operon in a physiologically relevant condition. Because transcription of the mgtC leader is highly induced in low Mg 2+ but repressed in high Mg 2+ (>0.05 mM) (16), we hypothesized that we could observe the mgtC leadermediated destabilization of the fljBA mRNA only in low Mg 2+ media but not high Mg 2+ . In low Mg 2+ , mRNA levels of the fljB gene in wild-type Salmonella was ∼5.5-fold lower than those in high Mg 2+ (Fig. 4A) . This is in agreement with our expectation that mRNA levels of the fljB gene would be inversely correlated to those of the mgtC leader RNA (Fig. 4D) . By contrast, the fljB derivative with the C1362G substitution was not subject to the mgtC leader-mediated control because the fljB C1362G substitution stabilized fljB mRNAs (Fig. S2A) , and thus fljB mRNA levels remained high even in low Mg 2+ , and also because there was no further increase in high Mg 2+ (Fig. 4A) . The mgtC leader RNA appeared to specifically target fljB mRNA because the fljB C1362G substitution was less effective in the fljA mRNA levels in low Mg 2+ (Fig. 4B and Fig. S2B ). As control experiments, the fljB C1362G substitution had no effect on expression behaviors of the fliC gene (Fig. 4C and Fig. S2C ) and the leader region of the mgtC gene (Fig. 4D) .
Elevated fljB mRNA levels of the fljB C1362G substitution were reflected in the amounts of FljB flagellin in the supernatants from cells grown in N-minimal medium containing low Mg 2+ (Fig. 5 A-D) but neither cells grown in high Mg 2+ (Fig. 5A ) nor strains with the fljB deletion (Fig. 5 A-D) . It is interesting to note that the amounts of FljB flagellin released into the supernatants from cells grown in N-minimal medium were below a range of detection by Coomassie staining (Fig. 5 A and D) or Western blot (Fig. 5 B and C) unless the fljB gene carries the C1362G substitution. Control experiments proved that the amounts of FliC flagellin remained unaffected (or slightly reduced) by the fljB C1362G substitution (Fig. 5 A and C) .
Each flagellin polymerizes into a flagellum that is embedded in the bacterial membrane and provides motility (1) . Because the fljB C1362G mutant was not subject to the mgtC leader-mediated destabilization and increased fljB mRNA levels (Fig. 4) and FljB production ( Fig. 5 A-C) , we expected that the fljB C1362G substitution would accumulate FljB flagella, leading to display a hypermotile phenotype when grown in low Mg 2+ . Indeed, the fljB C1362G substitution started to migrate away from the initial spotting point when grown for 18 h on N-minimal soft agar containing low Mg 2+ (Fig. 5E) , which was not observed in wild type (Fig. 5E ). This is in agreement with a microscopic observation that the fljB C1362G mutant Salmonella was more flagellated than wild type in low Mg 2+ (Fig. S6) . Control experiments showed that both wild-type or the derivative Salmonella with C1362G substitution did not migrate on N-minimal soft agar containing high Mg 2+ when incubated for 18 h (Fig. 5F ). However, further incubation up to 42 h allowed both strains to produce flagella and migrate to a similar extent (Figs. S6E and S7 ). (8, 18), we hypothesized that the mgtC leader-mediated fljB destabilization could be observed during course of Salmonella infection. In wildtype Salmonella, the mRNA levels of the fljB gene decreased inside the macrophage-like cell line J774 A.1 over time (Fig. 6A) . The decrease of fljB mRNAs between 2 and 9 h appeared to be dependent on the expression of the mgtC leader RNA because the fljB C1362G variant that prevents the mgtC leader-mediated destabilization retained fljB mRNA levels higher than those of the wild type (Fig. 6A) . Likewise, immunofluorescent staining against the FljB flagellin detected enhanced production of FljBpolymerized flagella in the fljB C1362G variant at 9 h postinfection (Fig. S8) . The fljB C1362G substitution had a similar but lesser effect on the mRNA levels of the fljA gene (Fig. 6B) . However, the fljB C1362G substitution did not affect the expression behaviors of either the fliC gene or the leader region of the mgtC gene (Fig. 6 C and D) . These data indicate that, during Salmonella infection, the mgtC leader RNA is highly expressed and mediates the decrease in fljB mRNA levels and FljB flagellin production.
The fljB C1362G Substitution Promotes Salmonella's Survival Inside Macrophages and Virulence in Mice. We wondered whether enhanced production of the FljB-containing flagella in the fljB C1362G variant has physiological consequences during Salmonella infection. To address this, we measured replication efficiency of the Salmonella fljB variant inside J774 A.1 macrophages. The fljB variant with the C1362G substitution increased survival inside J774 A.1 macrophages from 9 h postinfection and reached ∼250% relative to that of wild type at 21 h after infection (Fig.  7A) . This is in contrast to the fact that the ability to internalize host cells was similar both in the wild type and the fljB C1362G variant Salmonella when we measured the ability to invade J774 A.1 cells for the first hour after infection (Fig. S9) . The increase in intramacrophage survival of the fljB variant is probably due to the hyperproduction of the FljB-polymerized flagella in the fljB variant (Fig. S8) promoting Salmonella's survival inside macrophages, because the fljB fliC mutant strain that is unable to polymerize any type of flagella was completely defective for . Shown are the mean and SD from three independent experiments. *P < 0.05; **P < 0.01; ns, not significant; t test (relative to wild type). Salmonella survival (Fig. 7B) . Consistent with the previous notion, the strains with either only the fljB gene or fliC gene deleted had no significant effect on intramacrophage survival (28) (Fig. 7B ). Similar to enhanced survival inside macrophages, the fljB C1362G variant displayed a hypervirulent phenotype when we injected the Salmonella strains listed above into mice intraperitoneally (Fig. 7C) . Collectively, these data indicate that the mgtC leader-mediated control of FljB flagellin production is critical for Salmonella virulence.
Discussion
We have presented an example where a leader RNA from a Salmonella virulence gene acts as a trans-encoded riboregulator and represses a pathogen's motility by decreasing flagellin production during infection. Specifically, we established that the Salmonella mgtC leader RNA directly base pairs with mRNAs of the fljB gene encoding flagellin (Fig. 3 and Fig. S4 ) and promotes RNase E-mediated degradation (Fig. S3) . The nucleotide substitution in the fljB gene that disrupts the base pairing increases flagellin production and motility (Fig. 5) , thereby promoting survival inside macrophages and virulence in mice (Fig. 7) . This reflects that FljB flagella-based motility must be restricted in the phagosomal compartment. This makes physiological sense because the mgtC gene including the leader region is highly expressed inside macrophages (Fig. 6) and expression of flagellin genes is severely down-regulated during Salmonella infection (8) . Taken together, all these data demonstrate another critical role of the mgtC virulence gene in Salmonella's pathogenesis by repressing motility via its leader RNA during infection, in addition to the previous finding that the MgtC protein directly inhibits ATP production by interacting with the F 1 F o ATP synthase (21) .
Trans-Acting Riboregulators Derived from the 5′ Leader Region. As a cis-acting element, the mgtC leader RNA controls transcription elongation into the associated coding region by a transcription attenuation-like mechanism (17) (18) (19) . Therefore, if ATP levels are low or charged tRNA Pro levels are not limiting, transcription of the mgtC leader region and translation of mgtM or mgtP in the leader region are tightly coupled, promoting the formation of the stem-loop structures that prevent transcription elongation into the downstream region. Because the mgtC leader harbors two ORFs and responds to ATP and charged tRNA Pro signals independently (19) , the presence of tandem attenuator stem-loop structures and different combinations of two signals could generate transcripts of different lengths during transcription elongation, which were detected in vivo (22) and in vitro (23) .
In the sense that Salmonella uses the truncated transcripts derived from cis-mediated transcriptional elongation control of the mgtCBR operon as a trans-acting riboregulator repressing flagellin synthesis, the mgtC leader works by a mechanism similar to the trans-encoded SAM-responsive riboswitch controlling the prfA virulence regulator gene in Listeria monocytogenes (29) . However, the mgtC leader RNA differs from the SAMriboswitch in terms of mode of action because the mgtC leader RNA binds to 3′ end of the coding region in the fljB gene promoting the RNase E-mediated degradation (Fig. S3) , whereas the SAM-riboswitch binds to the 5′-UTR of the prfA gene for decreasing PrfA levels (29) . An increasing number of small transcripts originated from 5′-UTR were identified through genome-wide RNA-sequencing approaches (30) (31) (32) , which are likely to be produced by posttranscriptional regulation such as transcription attenuation or riboswitch-mediated control. In addition to the previous finding (29) , the mgtC leader's transregulatory role raises a possibility that previously identified 5′-UTR transcripts may participate in diverse regulatory functions, not only being by-products or intermediates produced during cis-encoded posttranscriptional regulation.
Leader RNA-Mediated Control of Salmonella Motility in Host Environment.
The mgtC leader RNA represses Salmonella's motility by promoting degradation of fljB mRNAs during infection. What are the benefits for decreasing FljB flagellin-based motility by the mgtC leader RNA? Salmonella has a unique property that switches expression of two independent flagellin loci, fljB and fliC, at a frequency of 10 −3 to 10 −5 per generation (6, 33) . This regulatory switch is governed by a DNA inversion of the region between the hin elements, which are located upstream of the fljBA operon. Because the invertible DNA region harbors the promoter of the fljBA operon, the orientation of the DNA fragment determines whether Salmonella expresses either the FljB flagellin and the FljA repressor or the FliC flagellin (3) (Fig. 1) . This antigenic phase variation enables Salmonella to express only one flagellin protein at a time (3), thereby having the , and fliC (C) genes and the leader region of the mgtC gene (D) produced by wild-type Salmonella (14028s) and the fljB derivative with the C1362G substitution (EN925) inside J774 A.1 macrophages at the indicated times after infection. Shown are the mean and SD from three independent experiments. *P < 0.05, **P < 0.01, t test (relative to wild type at T2). advantage to escape from recognition by the host immune response or to colonize in the gut (34) . We speculated that the mgtC leader RNA-mediated fljB mRNA degradation might be beneficial for Salmonella to remove preexisting mRNAs of the fljB gene when the DNA inversion switches flagellin expression one from the other. In addition to the DNA rearrangement-based phase variation, this RNA-based regulatory mechanism enables a faster transition between two types of flagella and allows Salmonella to express two genetically distinct flagella in a bistable manner. Moreover, the leader RNA-mediated flagellin down-regulation is clearly required for normal Salmonella virulence because the nucleotide substitution preventing the leader-mediated downregulation renders Salmonella hypervirulent (Fig. 7) .
During infection, MgtC reduces ATP production by inhibiting F 1 F o ATP synthase inside macrophages (21) . This property, in turn, contributes to promoting Salmonella's pathogenicity (21) because phagosome acidification creates a large proton concentration gradient across the bacterial inner membrane to power ATP synthesis and MgtC's property prevents Salmonella from generating too much ATP in the phagosomal compartment, which could be toxic for Salmonella (35) . In such a condition that MgtC limits ATP production inside host, the mgtC leader RNA's role of decreasing FljB flagellin synthesis might be energetically favorable by saving the biosynthetic cost because otherwise Salmonella uses a large amount of ATP for synthesizing flagella, which are generally composed of more than 10,000 copies of each flagellin protein in a single flagellum (36) .
Materials and Methods
All procedures were performed according to approved protocols by the Institutional Animal Care and Use Committee from Kangwon National University (protocol KW-160517-1). Bacterial strains and plasmids used in this study are listed in Table S1 . All S. enterica serovar Typhimurium strains are derived from the wild-type strain 14028s (37) and were constructed by onestep gene inactivation method (38) and/or phage P22-mediated transductions as described (39) . DNA oligonucleotides are listed in Table S2 . Full methods are presented in SI Materials and Methods.
